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FOREWORD

This final technical report covers research conducted over the period
from 1 October 1978 to 31 March 1979.

This contract with the Rockwell International Science Center, Thousand
Oaks, California, was sponsored by the Department of the Army, ARRADCOM,
Dover, New Jersey. It was administrated under the technical direction of
Dr. J. Waldman, FC & SCUSL.

The program was managed for Rockwell International by Dr. C. H. Hamilton.
The aluminum alloy sheet material was specially processed by the AI1COA
Technical Laboratory, Pittsburgh, Pa. Technical assistance was provided by
Mr. J. M. Curnow who conducted the forming experiments, Mr. L. F. Nevarez, who
conducted the high temperature tensile testing. and Mr. M. Calabrese who con-
ducted the metallographic effort.
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INTRODUCTION

The ongoing need to cut cost and improve performance of ground and air
vehicles continues to underscore the corresponding need for innovative de-
velopments in materials, processes, and design approaches. The added factor
of increasing energy constraints suggests that such developments should in-
clude concentrated efforts in such Tightweight materials as aluminum alloys.
Superplastic forming of high strength aluminum alloys is believed to offer a
significant potential advancement as a response to these needs if it can be
real ized.

Past experience in the superplastic forming of titanium alloys has
demonstrated that enormous gains are possible by superplastic forming, pro-
vided that design concept is founded on the unique capabilities of the process
(refs. 1-5). The major advantages observed in the superplastic forming of
titanium alloys have been in the reduction of the number of parts and
fasteners, and the corresponding reduction in the assembly costs. These
observed advantages have resulted in an exponential increase in activity in
this technology area over the past 5 years.

While the advantages are believed to be available to aluminum technology
as well, one major factor has deterred its implementation. That factor is
that high strength aluminum alloys are not superplastic in commercially
produced forms whereas titanium alloys (especially the Ti-6A1-4V alloy) are
quite superplastic in commercially produced sheet form. The reason for the
lack of superplasticity in these aluminum alloys is the large grain sizes
resulting from conventional processing. Typically, grain sizes are in excess
of 20 um and as high as several hundred microns, with most sheet products in a
range of 30 to 100 um.

Recent developments in thermomechanical processing methods have demon-
strated that improved grain size control can be achieved. Early work by
Di Russo et al. (refs. 6-7) resulted in the description of a technique, called
an Intermediate Thermomechanical Treatment (ITMT), which was applied to
Al-Zn-Mg-Cu (7075 A1) alloy. Subsequent developments by Waldman et al.



(refs. 8-11) resulted in the demonstration that 7000 series alloys can be
recrystallized into a refined grain size by controlling the distribution of Cr
as well as the major alloying elements Zn, Mg, and Cu. These processes
focussed on plate forms and involved a relatively slow cooling sequence during
the high temperature treatments.

Another technique was subsequently developed by Paton et al. (refs. 12,13)
which involved the development of controlled size and spacing of soluble pre-
cipitates which then acted to nucleate recrystallization and concurrently re-
strict grain boundary migration during this recrystallization process. This
technique, which has been demonstrated on a wide range of precipitation harden-
ing alloys, has permitted the development of stable grain sizes of about 10 um
in a number of aluminum alloys.

With such a fine grain structure, high temperature deformation character-
istics approaching superplastic behavior have been indicated for several 7000
series aluminum alloys. This program was, therefore, conducted to assess the
potential for achieving superplasticity and superplastic forming characteris-
tics of a selected aluminum alloy, 7475, processed by the thermomechanical
treatment (refs. 12,13) to develop a fine grain structure.

This program, therefore, involved the evaluation of elevated temperature
deformation characteristics, grain size and grain size stability, and a pre-
lTiminary evaluation of the superplastic formability of the material.

PROGRAM OBJECTIVES

The objectives of this program are to assess the superplastic properties
and superplastic forming capability of a fine grained 7475 Al alloy over a
range of strain-rates and temperatures.

EXPERIMENTAL

In this program 7475 aluminum (A1) alloy sheet was produced by a commer-
cial supplier utilizing processing conditions in accordance with prescribed



requirements in an effort to produce a very fine grain size. This fine
grained aluminum alloy sheet was then evaluated for its grain size and grain
size stability at high temperatures, and its superplastic properties were
evaluated by conducting tensile tests at elevated temperatures. Based on
these data, preliminary superplastic forming tests were conducted in which
samples of the fine grained aluminum sheet were formed using gas pressure at
elevated temperatures. The forming parameters evaluated were then based upon
the properties of the material determined in the previous tensile tests. This
program was, therefore, designed to provide a preliminary evaluation of the
potential for superplastic forming this fine grained 7475 Al alloy.

Material

The 7475 A1 alloy evaluated in this program was specially processed by
the ALCOA Technical Laboratory utilizing the thermomechanical processing
parameters prescribed to achieve a fine grain size. The starting material to
be specially processed was 2.54 cm (1 in.) thick plate material which had been
conventionally processed to plate thickness. This material was then thermo-
mechanically processed down to the final gage of approximately 0.254 cm
(0.1 in.). The special processing conditions used for the sheet were to first
of all solution treat the material, after which it was given an over-aged
treatment at 400°C (752°F) for 8 hours, followed by rapid cooling to room
temperature. The material was then warm rolled at 204°C (400°F) to a final
sheet thickness dimension of 0.254 cm (0.1 in). Temperatures during the
rolling procedure were allowed to decrease until the final rolling passes on
the sheet were conducted at ambient temperature. This sheet material was
supplied to Rockwell International Science Center in the as-rolled condi-
tion. Prior to further testing and forming evaluations, this material was
then recrystallized at 482°C (900°F) for 15 minutes in a salt bath.

This thermomechanical procedure has been shown to be quite effective in
refining the grain size of precipitation hardenable aluminum alloys. That is,
micromechanisms active in achieving the grain refinement involve the control
of the size and spacing of the soluble precipitate, which acts to nucleate
recrystallization as well as to impede grain boundary migration during the



recrystallization process. The precipitate particles formed during the over-
aging treatment are of the order of a micron in diameter and several microns
separated. During the warm working (i.e., rolling at or below 204°C (400°F)),
dislocation structures develop with an increased concentration at the parti-
cles. On exposure to the recrystallization temperature, this concentrated
dislocation structure immediately adjacent to the particles form nucleation
sites for the recrystallization process. Because of their relatively close
spacing, a high density of nuclei form, leading to a correspondingly small
grain size. The presence of precipitate particles also acts to impede grain
boundary migration during recrystallization, further aiding in maintaining a
fine grain size.

Grain Growth Kinetics

The grain size resulting from this process for the 7475 Al alloy measured
approximately 7.8 um in a short transverse dimension and approximately 14 um
in the rolling direction and the long transverse direction. The stability of
this fine grain structure at elevated temperatures was also evaluated by ex-
posing metallographic sections of samples to various elevated temperatures for
times from 15 min to as long as 24 hr. Exposure temperatures included 427°C
(800°F), 454°C (850°F), 482°C (900°F), 493°C (920°F), and 516°C (960°F). The
length of exposure times at these temperatures included 15 min, 1 hr, 4 hr,

8 hr, and 24 hr. Samples were heat treated in a salt bath and, following ex-
posure to various temperature-time combinations, were water quenched and then
examined metallographically. Since the dimensions of the grains in the long
transverse and longitudinal directions were found to be identical, the grain
measurements for these grain growth tests were taken only for the short trans-
verse dimension and the longitudinal dimension. Results of this grain growth
kinetics study are summarized in table 2 and in fig. 1. It is apparent from
these data that the fine grain size developed by this special processing is
quite stable even at temperatures as high as 516°C (960°F) over the longest
times evaluated, that time being 24 hr. An example of the microstructures
resulting from the high temperature grain growth studies are shown in fig. 2
for the times of 15 min, 1 hr, 4 hr, 8 hr, and 24 hr.
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The grain size measurements made for this material were performed on
optical micrographs taken at 250X magnification. The measurements were deter-
mined using a Tinear intercept method and a minimum of 100 intercepts were
counted for each orientation of each microstructure.

High Temperature Tensile Tests

The superplastic properties of this fine grained aluminum alloy were
eva]uéted at elevated temperatures by tensile testing to determine the strain-
rate sensitivity of the flow stress for the material, and also to determine
the stress-strain characteristics for the material and tendencies to strain
harden. Tensile tests were conducted in air using a test specimen consisting
of an overall dimension measuring 10.16 cm (4 in.) in overall length with a
gage section of 2.54 cm (1 in.) in length and a width of the test section
being 0.953 cm (0.375 in.).

Step strain-rate tests were used to determine the strain-rate sensitivity
of flow stress in which a single tensile specimen was utilized and the cross-
head speed incrementally increased during the testing to impose varying
strain-rates. This technique has been discussed in detail elsewhere (refs. 14
and 15). These tests were conducted at temperatures of 371°C (700°F) , 427°C
(800°F), 482°C (900°F), and 516°C (960°F); both longitudinal and Tong trans-
verse test directions were evaluated using this technique. A five zone split
furnace was used to heat the tensile specimens, and the temperature gradient
within the test area was held to within $2°C.

Results of these step strain-rate tests are shown in figs. 3 and 4 where
Tog flow stress is presented as a function of the log strain-rate. The
strain-rate sensitivity exponent, m, for these data was determined from the
curves of figs. 3 and 4 by means of measuring the slopes of the curves fitted
through the data. The resulting curves of the m values for these data are
presented as a function of the log strain-rate for the various temperatures
during testing in figs. 5 and 6.

From these data, it is apparent that the strain-rate sensitivity of the
flow stress for the fine grain 7475 Al alloy is highest at a temperature of
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51€°C (960°F) and reaches a peak at the strain-rate of about 4 x 1074 s-1L,
The flow stress properties and the m values for the material appear to be
independent of the test direction indicating that the material, in terms of
the superplastic properties, at least, is isotropic.

In order to further evaluate the high temperature deformation character-
istics and superplastic forming potential for the material, additional testing
was conducted in which constant strain-rate was imposed on the samples. Sam-
ples were strained to failure under constant strain-rate in order to measure
the total elongation capability of the materials at a given strain-rate and
temperature. During these tests, flow stress data were taken so that the
stress-strain characteristics could be established in order to determine the
extent of hardening, if any, that occurs during the straining of the mate-
rial. Tests were performed at the two temperatures of 482°C (900°F) and 516°C
(960°F). Since the step strain-rate data suggested that these two tempera-
tures should offer the greatest potential for superplastic deformations, the

strain-rates imposed on the samples varied from 1072 s~1 to 2 x 1074 s=1 for
.both test temperatures. The equipment and procedures used to conduct the con-
stant strain-rate tests were described in ref. 13. Both Tongitudinal and long
transverse tests were conducted for the material.

The results of these constant strain-rates are presented in fig. 7 for
the £82°C (900°F) test temperature and in fig. 8 for 516°C (960°F) for the
Tongitudinal test specimens. In these figures the true stress is plotted as
the function of true strain up to the true strain level of 1.0 corresponding
to about 178% tensile elongation. Although the extent of the strain hardening
of the materials is not great, it appears, that hardening does occur. The
extent of hardening at 482°C (900°F), particularly at the lower strain-rate,
is noticeably greater than for 516°C (960°F). At strain-rates of 5 x 1073 51
and 102 s71 at both temperatures rapid fluctuations in load were observed
during straining, and are represented in these curves by the cross-hatched
band in the stress strain curves. It is Tikely that dynamic strain aging is
cccurring during the the higher strain-rates causing rapid variation in the
flow stress. The maximum flow stress followed by a drop in the curve for sev-
eral of the higher strain-rates is believed to be due to the development of

12
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Tocal instabilities in the test section Teading to imminent fracture. This
development of an instability can then cause an apparent loss, or drop, in
true stress which is not actually indicative of the stress-strain characteris-
tics of the material at these strains.

The total elongations measured for these test specimens are presented in
table 3. The largest elongation observed was 650% measured at 516°C (960°F)
for a strain-rate of 2 x 1074 sL. Significant elongations were observed at
strain-rates as high as 1073 s~! for this temperature in which values of 275%
to more than 450% elongation were measured. These ductilities are signifi-
cantly higher than those observed for the temperature of 482°C (900°F) where
the maximum tensile elongations measured were on the order of 300% for the
strain-rate of 2 x 10°% s~l. An example of a test specimen is shown in
fig. 9. In this figure a test specimen strained to more than 500% tensile
elongation at a temperature of 516°C (960°F) and a strain-rate of 2 x 1074 -

is shown in comparison with the as-machined test specimen. The samples were

1

marked by electro-etching techniques with circles of the diameter of 0.254 cm
(0.1 in.) to provide a measure of the local strain distribution along the test
specimen.

Step strain-rate tests provide a measure of the strain-rate sensitivity
of flow stress of the material at relatively low total strains. However,
those tests do not necessarily provide a valid measure of m for large strains
and, therefore, cannot provide a complete picture of the flow characteristics,
particularly if m decreases with deformation. A test method that better
evaluates the variability of the strain-rate sensitivity, m, is that test
described in ref. 15, which involves constant strain-rate testing during which
small Tocal changes in the strain-rate are imposed to provide for a measure of
the strain-rate sensitivity m. This technique permits a Tocal step in strain-
rate at a number of different strains for which the strain-rate sensitivity
can then be computed. This technique is illustrated in fig. 10 where the load
as a function of deformation is shown. For these tests the strain-rate was
increased temporarily by 40% and sustained at that increased strain-rate for a
period sufficient to develop a clear definition of the flow stress for the
higher strain-rate, after which the original strain-rate was subsequently

15
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Figure 9. Tensile test specimen before and after total
elongation tests at 516°C (960°F) upder a
constant strain-rate of 2 x 10-% s-1 power.

16



‘uLeJdl}S JO uoLIDuNy PSP u
JO UOL)RULWJDIOP 3JLIL LIS 0 3ILJ-ULBU]S UL SAsSedIul
20| JO 109449 ay) Guimoys Bur)sal 3IeU-ULEUS JURISUOD
J3PUN UOLJRWAOJOP °SA PRO| Y] JO UOLIRAISN L DLIRUWAYDS

—— NOILVIWYO43d

*01 2an6 14

GG5Y-6L0S

—— Qgvol

i



imposed and continued until the next step in strain-rate was conducted. This
technique was utilized for strain-rates of 2 x 10~* 571 and 1073 57! for both
temperatures. However, because of the appearance of dynamic strain aging, and
problems associated with changing strain-rates at the higher strain-rates of

5 x 103 and 102 s'l, it was not possible to make these measurements at those
strain-rates.

The resulting strain-rate sensitivity measurements are shown in fig. 11
for a strain-rate of 2 x 10-4 s'1 and in fig. 12 for 10-3 s'l. At the
temperature of 516C (960°F) the m value appears to be quite constant at about
0.75 for the true strain of up to 1.0. At a temperature of 482°C (900°F), the
m value appears to decay somewhat more rapidly than for the higher tempera-
ture; however at both temperatures there appears to be very little loss in the

m value for a strain of at Teast 1.0. For a strain-rate of 10'3 s'1

, it ap-
pears that there is a somewhat more rapid decay in the m value for both tem-
peratures although at the temperature of 482°C (900°F) there appears to be

mcre rapid decrease in the strain-rate sensitivity exponent m.

The test sections of the tensile specimens on which the total elongation
tests were conducted were examined meta]]eraphiCa]]y, and micrographs cor-
responding to these specimens are shown in figs. 13 and 14 for tests conducted
at 516°C (960°F) and figs. 15 and 16 for 482°C (900°F). The strain-rates and
the strain Tevel at which the metallographic section was taken are indicated
below each of the optical micrographs. The grain sizes were measured on the
samples after testing and are presented in table 4. Also presented in table 4
are the corresponding grain sizes which would be expected based on the grain
coarsening study shown in fig. 1. One feature which was observed in thése
tensile specimens is evidence of cavitation or internal void formation.
Examples of the cavitation can be seen in figs. 13 and 14.

The grain size characteristics summarized in table IV indicate that the
grain size stability of these materials remains good even during the con-
ditions of deformation. There is some evidence of dynamic recrystallization
occurring with some grain refinement resulting at the strain-rate of
5 x 1073 s~1 and at 516°C (960°F). For this test condition the dimensions of

18
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SC79-4558

TS R T wiis
- o

€=2 X 104
€=177

Figure 13. Optical micrographs of 7475 aluminum alloy from
total elongation specimens tested at 516°C (960°F).
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SC79-4559

from
(960°F).

oy
i

Optical micrographs of 7475 aluminum all
total elongation specimens tested at 516

Figure 14.
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SC79-4560

€=2x10% s
€=1.43

Figure 15. Optical micrographs of 7475 aluminum alloy from
total elongation specimens tested at 482°C (900°F).
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SC79-4561

€=103 g
€=1.09

€=5X 103
€=0.69

Figure 16. Optical micrographs of 7475 aluminum alloy from
total elongation specimens tested at 482°C (900°F).
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the grains in both the short transverse and longitudinal direction were re-
duced noticeably. This reduction in grain size is also apparent in fig. 14
for that strain level.

Superplastic Forming Tests

From the basis of the high temperature tensile test results, superplastic
forming evaluation tests were designed to further demonstrate that this mate-
rial could be superplastically formed using the gas pressure superplastic
forming method. Forming tests were conducted on the fine grain 7475 aluminum
alloy sheet material at temperatures of 516°C (960°F) and 482°C (900°F). The
test parts evaluated were of a rectangular pan configuration with overall
dimensions of 10.16 cm (4 in.) by 20.32 cm (8 in.), and the formed section
measured 5.08 cm across (2 in.) by 2.54 cm (1 in.) deep by 15.14 cm (6 in.) in
length. Alternate forms were also produced in which the depth of the'cavity
was changed to 1.27 ¢cm (1/2 in.) in depth, and a specially designed configura-
tion to demonstrate the unique capability of the process in which a bead con-
figuration was formed in the bottom of the rectangular part along with a large
step or joggle on one end and an impression of a Togo on the bottom of the
part.

The gas pressure vs. time schedules used on the parts were deveioped with
an intent to control the rate of deformation to an approximately constant
strain-rate for the free forming sections of the part. This pressure-time
schedule is illustrated in fig. 17 for the 2.54 cm (1 in.) deep test parts and
in fig. 18 for the 1.27 cm (1/2 in.) deep test parts. Since variations in
temperature and intended strain-rates cause corresponding variations in the
applied pressures and times for forming, these parameters have been identified
in fig. 17 as pressures pj and pp, and the corresponding times ty,¢57 and
tho1qs which are then summarized in table 5 for the range of parts fabri-
cated. A change in depth of the part changes the pressure profiles substan-
tially as shown in fig. 18 for the shallow parts.

The imposed pressure profiles generated a range of strain-rates as shown
in table 5 for the various parts fabricated. Strain rates imposed ranged from

25
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5 x 1073 to 4 x 107% s71 and the test temperatures from 482°C (900°F) to 516°C
(960°F). The corresponding forming times ranges from just less than 3 min to
as high as 51 min.

An example of the part formed which contained the complex configuration
is shown in figs. 19 and 20 in which the top and bottom sides of the parts
formed are shown. The part shown in figs. 19 and 20 are part no. 7 of table 5
which was formed at a strain-rate of approximately 4 x 10°% s71. A second
part, part no. 10, was also formed to this configuration with a somewhat higher
strain-rate of 103 s~ and this part was delivered to the Army, ARRADCOM as a
demonstration part. Examples of other parts superplastically formed are shown
in figs. 21, 22 and 23. The typical part of the 2.54 cm (1 in) deep configura-
tion which was successfully formed is shown in fig. 21. This is part no. 3
outlined in table 5, and was formed at a strain-rate of 4 x 10~% and a tempera-
ture of 516°C (960°F). The part no. 5, shown in fig. 22, ruptured near the die
entry radius. The part was formed at 482°C (900°F) and the strain-rate of
1073 s~1. It should be noted that while the strain-rate of 1073 caused rup-
ture of the part no. 5 at 482°C (900°C), forming at that same strain-rate but
at the higher temperature of 516°C (960°F) did not cause rupture. An example
of a part formed to a more shallow die configuration is shown in fig. 23,
which is part no. 8. This was formed at 516°C (960°F) and at a strain-rate of
5 x 10'3 s'l. The resulting die angle at the bottom of the part can be seen
to be quite sharp suggesting that rather severe forms can be created in a
relatively short time period for this material at 516°C (960°F).

The thinning characteristics were measured for these parts through the
mid-section, and an example of the thickness profiles are presented in
figs. 24 through 26. For the part no. 1 formed at 516°C (960°F), the thick-
ness profiles are relatively uniform through most areas, except that some
thinning appears to be concentrated just below the die entry radius, and is
most severe at the higher strain-rate as can be seen for part no. 2, fig. 24.
The thinning concentrations appears to be less severe at strain-rates of
4 x 10'4 and 10'3 s'1 which is consistent with the somewhat higher m values
corresponding to those to those latter strain-rates. The thinning profile
shown in fig. 25 for the ‘temperature of 482°C (900°F) show substantially
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SC79-4574

Figure 21. Superplastically formed part no. 3 after cutting in
two to facilitate thickness profile measurements.
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SC79-4575

Figure 22.

Superplastically formed part no. 5 after cutting in
two to facilitate thickness profile measurements.
Part ruptured during forming as can be seen on the
right hand sidewall of the part.
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SC79-4573

Figure 23. Superplastically formed part no. 8 after being
cut in two to facilitate thickness measurements.
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Figure 24. Thickness profiles for superplastically formed parts nos. 1,
2 and 3 which were formed at a temperature of 516°C (960°F).
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Figure 26. Thickness profiles for parts nos. 8 and 9 which were formed
at a temperature of 516°C (960°F).
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greater thinning concentration just below the die entry radius. In part

no. 5, which was formed at 482°C (900°F) a strain-rate of approximately

10'3 5'1, excessive thinning occurred and the part, in fact, ruptured as
jllustrated in figs. 25 and 22. The thinning through the remainder of the
part was quite uniform for both temperatures. For the more shallow part, of
1.27 cm (1/2 in.) deep, the die entry radius does not seem to be excessively
thin and the thickness through the part appears to be more uniform than for
the deeper configurations.

A number of the superplastically formed aluminum parts were evaluated for
microstructural characteristics by optical metallography. Metallographic
sections were taken from four key areas of the parts as illustrated in
fig. 27. The resulting microstructures are presented in fig. 28, for part
no. 1, fig. 29 for part no. 2, and fig. 30 for part no. 3. The microstruc-
tures observed in these formed parts are basically in agreement with those
microstructures observed in the tensile test specimens in that the grain size
stability is apparent and the tendency to form internal cavitation in those
areas of large strains is indicated. The most severe cavitation is observed
in the corner areas, area 4, where the total strain is the greatest for the
parts. It is also observed that the cavitation present appears to be somewhat
more severe for the higher strain-rates than for the lower strain-rates of
4 x 1074 571,

DISCUSSION

The results of this program reveal that the technique utilized for re-
fining grain size in the 7475 high strength aluminum alloy was quite effec-
tive, and that the grain size developed for this alloy is in the range of 7.5
to 14 uym. This grain size is fine enough to permit the development of a sub-
stantial capability for high elongations and superplastic forming utilizing
gas pressure (blow forming) techniques. The fine grain size developed in this
alloy has been observed to be quite stable at the temperatures evaluated as
well as under conditions of deformation over a range of strain-rates. This
combination of fine grain size and its stability at elevated temperatures
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SC79-4567

SECTION 3 SECTION 4

Figure 28. Optical micrographs of sections taken from four areas
of part no. 1. Locations are illustrated in fig. 27.
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SECTION 2

SECTION 1

SECTION 4

SECTION 3

Optical micrographs of sections taken from four
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SC79-4569

SECTION 1

5 el =14

SECTION 3 SECTION 4

Figure 30. Optical micrographs of sections taken from four
areas of part no. 3. Illustration of the locations
of the sections is shown in fig. 27.
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permit the achievement of a moderate superplastic capability as demonstrated
by tensile elongations in excess of 500%. Corresponding to the high elonga-
tions observed, the flow stress of the material is sufficiently Tow as to
permit the use of gas pressure to cause substantial forming. Significant
forming can be readily achieved generally using pressures of less than about
4.8 MPa (700 psi) and in most cases forming can be achieved at far lower pres-
sures if the time of forming is extended. The above combination of factors,
therefore, suggest that this product has a significant potential for super-
plastic forming of structural configurations for application to aerospace as
well as ground transportation systems.

While the superplastic characteristics of the material were quite good at
516°C (960°F), the slightly Tower temperature of 482°C (900°F) results in a
much decreased capability for superplastic deformation. The strain-rate sen-
sitivity over a wide strain of strain-rates is much lower for this temperature
than for 516°C (960°F) as shown in figs. 5 and 6. The corresponding elonga-
tions measured for this alloy at 482°C (900°F) are much lower than for the
higher temperature as shown in table 3. The highest elongations for this
Tower temperature are in the range of 300%, down considerably from a maximum
of 650% observed for the higher temperature. The results of the 482°C (900°F)
testing of this material are comparable to prior observations of 7075 and 7050
alloy (Ref. 16). It therefore appears that the capability of this material to
be processed at a higher temperature is instrumental in achieving the high
tensile elongations observed and the high degree of superplasticity indicated
through the associated tensile testing. The maximum temperature of exposure
for an alloy such as 7075 is approximately 482°C (900°F) because of the ten-
dency to develop incipient melting on exposure to higher temperatures which
results in impaired properties of the material. On the other hand, the 7475
aluminum alloy because of the more restricted alloy composition ranges can be
processed at a higher temperature of 516°C (960°F) providing, therefore, the
opportunity of achieving the high tensile elongations not observed in some of
the other 7000 series alloys of comparable grain size.

The potential for forming this alloy into complex configurations utiliz-
ing relatively low pressure gas was clearly demonstrated as shown in figs. 19
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and 20. Although these parts are of small scale in terms of absolute dimen-
sion the severity of forming is substantial and they therefore are considered
tc be representative of the unique capability of these materials for super-
plastic forming. The material, the technique, and the equipment utilized are
considered to be adaptable to much larger scale components. Since the parts
formed are totally stretch formed, the potential for producing parts of
multiple deep drawn sections (as shown in fig. 19) is considered to be well
within the capabilities for this material formed by the superplastic forming
process. As with any superplastic metal, extensive forming causes noticeable
thining in the areas formed (3). The thinning characteristics, however, are
consistent with those observations of other materials. The tendency to thin
over the die entry radius as shown in fig. 24 can be manipulated by con-
trolling the average strain-rate with which the part is formed. For example,
in fig. 24 the most excessive thinning of the die entry radius was observed
for part no. 2 formed at a fairly high strain-rate of 2 x 103 s~1. However,
by reducing the rate of forming of this part to a strain-rate of 4 x 10-4 part
no. 3 showed noticeably less thinning in this die entry radius. This varia-
tion of thinning is found to follow the trend of the strain-rate sensitivity,
m, which is higher for the Tower strain-rate than for the higher strain-rate,
thus providing greater resistance of the material to developing the local
necking over the die entry radius at the lower strain-rate. This characteris-
tic has also been observed for titanium Ti-6A1-4V (ref. 3).

An interesting characteristic of this material is its ability to be very
rapidly formed to somewhat modest extents in terms of the superplastic forming
characteristics as shown in fig. 23. This part was formed in just less than
3 minutes, which is a fairly rapid process in terms of superplastic forming.
However, the part is totally stretch formed and, therefore, the forming
capability required to make such a part by this technique is significant and
the very sharp radius at the lTower edge of the part exceeds the capability
available by conventional forming methods. It therefore appears that there
may be a number of parts of modest complexity which could be readily formed by
this process in very short times, thus providing a forming capability much in
excess of conventional forming, but not requiring the full capability of the
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superplastic process, i.e., the capability to form very high tensile
elongations.

One undesirable characteristic observed for this material is the tendency
tc cavitate, or form internal pores during deformation at high temperatures
and particularly at high strain levels. Such cavitation is not uncommon to
superplastic materials and has been observed in other superplastic aluminum
alloys as well as in copper-base, nickel-base and iron-base alloys formed at
elevated temperatures under superplastic conditions. The need for further
work is indicated in order to provide a thorough characterization of the con-
ditions under which cavitation occurs, the kinetics of the development and its
influence on mechanical properties of materials. Other prior work (16) on
7075 fine grain aluminum alloy has shown that the grain size has a pronounced
effect on the tendency to cavitate; the finer the grain the less the cavita-
tion. That study also shows that the cavitation of the fine grain aluminum
develops slowly, constituting a small fraction of the volume of the material
for substantial strains before its growth becomes pronounced and catastrophic
ultimately leading to rupture of the material at strains near the total elon-
gation. This would suggest that there is a usable strain range for this mate-
rial in which cavitation or internal void concentration is at a sufficiently
Tow Tevel as to not create undue complications in the design and complication
of the material's structural use. It should be noted at the temperature of
516°C (960°F) and the slower strain-rate of 5 x 10° and 2 x 1074 s7L
The concentration of voids even at high strains does not appear to be substan-
tial as shown in fig. 13.

It appears from the results of this study that the formation of internal
voids or cavitation Tead ultimately to the linkage of these cavities and
fracture or rupture of the material as can be seen in fig. 9. The failures
typically observed are similar to those of fig. 9 in that the material does
not neck down to a chisel point but rather fractures prior to this failure by
a plastic instability. The resistance of the material to necking as shown in
fig. 9 is consistent with the high m value measured for this alloy under those
test conditions. This m value as shown in fig. 11 is approximately 0.75 and
appears to be quite constant to substantial strain as shown. Since the
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strain-rate sensitivity, m, is a measure of the resistance of the material to

local necking, these results then are consistent with the observation of the

tensile samples shown in fig. 9, which did not neck down to any great extent

during the straining to high strain levels. If cavitation could be eliminated

or reduced, it would be expected that, for these m values, the total elonga-

tions observed for this alloy would be noticeably higher than the 500-600%
reported.

CONCLUSIONS

Thermomechanical processing methods can effectively reduce the grain size
of the 7475 Al alloy to the range of 8 to 14 um.

Fine grain sizes of the order of 8 to 14 um in 7475 Al alloy increase
only modestly on exposure to elevated temperatures growing to only about
10 to 20 wm after 24 hours at 516°C (960°F).

Grain sizes in the range of 8 to 14 um in the 7475 Al alloy are
sufficiently small and stable to permit the development of superplastic
deformations. Tensile elongations of as high as 650% were measured for
this material at 516°C (960°F) and a strain rate of 2 x 10°% s-1,

The fine grained 7475 Al alloy can be gas pressure superplastically
formed into complex shapes requiring significant tensile elongation. The
greatest superplastic capability and easiest forming is achieved at 516°C
(960°F).

The fine grained 7475 Al alloy tends to develop internal voids or
cavities at high strains, during high temperature tensile deformation.
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Table 1. Composition of 7475 Alloy (%)
Zn Mg Cu Fe Si Mn Cr Ti
5.2-6.2 1.9-2.6 1.2-1.9 0.12 max 0.10 max 0.06 max 0.18-0.25 0.06 max
Table 2. Results of grain growth measurements for 7475 Al in the
temperature range of 477°C (800°F) to 516°C (960°F)
Temperature Time Grain Intercept Distance (um)
(& F) (hr) Longitudinal Short Transverse
516/960 0.25 17.6 8.8
1l 16.9 9.0
4 18.2 9.2
8 18.7 9.8
24 19.0 10.0
493/920 0.25 14.5 7.8
1 1543 8.5
4 16.5 9.1
8 16.7 9.1
24 18.3 9.3
482/900 0.25 14.0 7.8
1 16.5 8.3
4 16.9 8.4
8 17.3 8.6
24 18.2 9.2
454 /850 0.25 14.7 7.9
1 15.7 8.0
4 16.0 8.0
8 16.1 8.3
24 16.5 8.5
427/800 0.25 14.7 7.5
1 15.7 7.7
4 15.2 8.1
8 115511 Vi
24 15.0 8.1
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Table 3. Results of total elongation tests conducted
under constant strain rate conditions
Specimen Test Temp. Strain_Rate Total

Orientation (°C/°F) (s7 Elongation (%)
L 516 /960 10-2 118
LT 10-2 100
L 5 x 1073 200
LT 5 x 1073 175
L 10-3 275
LT 10-3 >450
L 2 x 1074 650
1§ 2 x 1074 525
L 5 x 1072 425
L 482/900 1072 150
LT 10-2 100
L 5 x 1073 125
LT 5 x 1073 200
L 10-3 200
LT 10-3 175
L 2 x 10°4 306
LT 2 x 1074 200

L - Longitudinal

LT - Long Transverse
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Table 4. Grain size data for tensile specimens

- Ax1al

Spec. Temp Strain Strain Time at Grain Size Grain Size

No. (°C/°F) Ratf (at Location Temp. Observed (um) Anticipated (um)( )

{(s™*) of micro's) {min) Long S. Trans. Long S. Trans.

14L 516/960 5 x31o*3 1.04 13 10.9 6.9 16.5 8.5

&L 107 4 1.39 32 12.9 9.5 17.0 8.8
16L 2 x 10'5 1.77 178 15.8 11.6 17.8 9.2
170 5 x 107 1.77 490 16.3 12.2 18.7 9.8

L 482/900 5 ><310'3 .69 12.2 13 7.1 15.4 7.9

1L 10° 4 1.09 48 11.4 6.5 15.9 8.1
12t 2 x 107 1.43 126 13 10.1 16.4 8.2
(*) Fran figure 1.
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Table 5. Forming parameters for 7475 superplastic forming demonstration parts

Part Uepth Config. rorming Strain rorming Forming
No. (em/in) Temp. Rafe Pressureld) Time(min}(3)
(°C/°F) (s™*) P1{MPa/Psi)  (P,(MPa/Psi) TTotal Hold Comment

1 2.54(1) Flat 516/960 10-2 0.36/(52) 1.68/(243 22 2
Bottom

2 2.54(1) Flat 516/960 2 = 1073 0.15/(89) 2.76(400) 12 2
gottom

3 2.54(1) Flat 516/960 4 x 107 0.15/(22) 0.69/(100) 80 29
Bottom

4 2.54(1) Flat 5167960 1 % 1073 1.15/(167) 3.06/(444) 22 0
8ottom

5 2.54(1) Flat 4827900 1 x 10'3 0.91/(133) 4.83/(700) 30 Part réptured
Bottom

5 2.54(1) . Flat 4827900 4 x 107 0.57/(83) 2.76(400) 60 3
8ottom

7/ 2.54(1) Bead + 5167960 4 x 1074 0.15(22) 0.69(100) 80 29
Step

8 .27(172) Flat 516/960 5 x 1073 (b) 6.90/(1000) 335 .5
8ottom

9 t.27(172) Flat 5167960 10-3 (b) 2.85/(413) 22.5 7.5
Bottom .

10 2.54(1) Bead + 516/960 10-3 0.35(52) 2.07/(300) 29 Delivefed to
Step ARRAQCOM

{a) See figs. 17 and 18 for description of pressure and time parameters.
(5) No plateau in pressure for this configuration (see fig. 18).
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